lysozyme in this combined therapy is unclear. It may only potentiate the activity 
of the antibiotics and have no direct effect on the pneumonia iteself. One skilled 
in the art cannot conclude that lysozyme per se may be used to treat pneumonia. 

Please note the following referenced remarks in support of the applicants' 
arguments: 

A reference may be said to teach away when a person of ordinary skill, upon 
reading the reference, would be led in a direction divergent from the path that was taken 
by the applicant [In re Vaeck, 947 F.2d 488, 20 USPQ2d 1438 (Fed. Cir. 1991)]. 

A prior art reference must be considered in its entirety, i.e., as a whole, including 
portions that would lead away from the claimed invention. W.L. Gore & Associates, Inc. v. 
Garlock, Inc., 721 F.2d 1540, 220 USPQ 303 (Fed. Cir. 1983), cert, denied, 469 U.S. 851 
(1984). 

The rationale for not using lysozyme as an agent for treating pneumonia is 
based on a number of earlier studies demonstrating that this protein has only 
limited antibacterial activity in vitro (e.g. Neu et al. Effect of human lysozyme on 
gram-positive and gram-negative bacteria. Antimicrob. Agents Chemother. 8:442, 
1968). Various strategies have been developed to circumvent this limitation. In 
particular lysozyme has been combined with various antibiotics to treat 
pneumonia (e.g. Luniakin et al). Only recently has it been shown that lysozyme 
may interact in vivo with other endogenous antimicrobial peptides, resulting in a 
much more potent bacteriocidal activity than previously suspected (see enclosed 
reference by Akinbi et al which postdates the filing of the provisional application 
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Please note the following referenced remark: 

Evidence of unexpected results must be weighed against evidence supporting 
prima facie obviousness in making a final determination of the obviousness of the claimed 
invention. In re May, 574 F.2d 1082, 197 USPQ 601 (CCPA 1978) 

As additional evidence of the nonobviousness of the applicants' claims, we 
again refer to the enclosed reference by Akinbi et al. In para 1 , column 1 , p 
5760, the authors state: 

"Despite numerous studies confirming the antibacterial properties of 

lySOZyme /#? Vitro, there GTS HO Siudi&S thai have dir&Cily BSSeSSed the tuie of 

lysozyme in the killing of lung pathogens in vivo. " 

Furthermore (p 5764, column 1, para 3): 

"The spectrum of lysozyme antimicrobial activity in vitro appears 
to be relatively narrow, leading some investigators to conclude that 
exogenous lysozyme would be of little benefit in controlling bacterial 
infection." 

Please note the following referenced remark: 

The totality of the prior art must be considered, and proceeding contrary to 
accepted wisdom in the art is evidence of nonobviousness [In re Hedges, 783 F.2d 1038, 
228 USPQ 685 (Fed. Cir. 1986)]. 

2) The Examiner rejects claims 28, 29, 32-34 under USC 102(b) as being 
anticipated by Weaver et al, stating that "Weaver teaches administering 
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one will also treat pneumonia." For the reasons presented below, 
reconsideration of the rejection is respectfully requested. 

Weaver does not teach administering lysozyme to treat cystic fibrosis or 
pneumonia associated with cystic fibrosis. Weaver teaches the use of a 
lysozyme fusion protein as a substitute for lysozyme, because of the possible 
toxicity associated with in vivo use of native lysozyme. This clearly differentiates 
his art from the applicants' claims. One skilled in the art cannot conclude from 
Weaver et al that lysozyme per se may be used to treat pneumonia. 

The nonobviousness of the applicants' claims is also supported in Weaver 
et al (column 2, lines 18-22), which states: 

"While the antibacterial effects of lysozyme in vitro have been well 
documented, there has heretofore been no way to exploit these effects of 
lysozyme for in vivo use. Previous reports furthermore implied that sustained 
lysozyme administration would be harmful. " 

Claim Rejections Under 35USC § 103 

1 ) The Examiner rejects claims 28-35 under 35 USC 1 03(a) as being 
unpatentable over Weaver et al and Gavrilenko et et al, taken with with Kats et 
al. The rejection is a matter of record. Reconsideration of the rejection is 
respectfully requested, based on the applicants' arguments of record, which are 
reprised below. 
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"While the antibacterial effects oflysozyme in vitro have been well 
documented, there has heretofore been no way to exploit these effects of 
lysozyme for in vivo use. Previous reports furthermore implied that sustained 
lysozyme administration would be harmful. " 

Clearly, Weaver et al are teaching away from the use of lysozyme alone 
as an agent to treat pneumonia. Indeed, the whole point of the invention 
described in Weaver et al is to circumvent any potentially harmful effects of 
administering native lysozyme by fusing it with surfactant protein-B. 
Therefore, the Examiner cannot state that the use of lysozyme to treat 
pneumonia is made obvious by this reference. 

With regard to Gavrilenko et al, the Examiner states that: 

"Further, as noted by Gavrilenko, lysozyme is used to treat chronic 
bronchitis which also leads to pneumonia." 

There is no support in the medical literature for the notion that chronic 
bronchitis leads to pneumonia. Bronchitis (acute or chronic) and pneumonia are 
two different diseases with different etiologies. Chronic bronchitis is a 
component of Chronic Obstructive Lung Disease, which encompasses bronchitis, 
asthma, and emphysema. It involves the upper airways of the respiratory tract 
and is commonly due to cigarette smoking or exposure to air pollutants, which 
induce an inflammatory reaction. The Examiner's argument that "...lysozyme is 
used to treat chronic bronchitis which also leads to pneumonia" is therefore 
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Furthermore, with regard to the Examiner's continued use of the 
previously recorded prior art (Weaver et al., Gavrilenko et al., Kats et al, he has 
not considered the applicants* previous arguments (listed above) against the use 
of these references as prior art. The Examiner is required to provide a rationale 
for his continued use of these references over the stated objections of the 
applicants. 

When an applicant submits evidence, whether in the specification as originally 
filed or in reply to a rejection, the examiner must reconsider the patentability of the 
ciaimed invention. The decision on patentability must be made based upon consideration 
of all the evidence, including the evidence submitted by the examiner and the evidence 
submitted by the applicant A decision to make or maintain a rejection in the face of all the 
evidence must show that it was based on the totality of the evidence [In re Eli Lilly & Co., 
902 F.2d 943, 14 USPQ2d 1741 (Fed. Cir. 1990)]. 
Furthermore, 

Evidence traversing rejections must be considered by the examiner whenever 
present. All entered affidavits, declarations, and other evidence traversing rejections are 
acknowledged and commented upon by the examiner in the next succeeding action. The 
extent of the commentary depends on the action taken by the examiner. Where an 
examiner holds that the evidence is sufficient to overcome the prima facie case, the 
comments should be consistent with the guidelines for statements of reasons for 
allowance. Where the evidence is insufficient to overcome the rejection, the examiner 
must specifically explain why the evidence is insufficient General statements such as "the 
declaration lacks technical validity" or "the evidence is not commensurate with the scope 
of the claims" without an explanation supporting such findings are insufficient (MPEP 
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2) The Examiner states that "the language 'consisting essentially of is 
interpreted to mean 'comprising' unless applicant can show that the other 
ingedients in the references would materially change the fundamental 
characteristics of applicant's invention" 

In the face of growing human resistance to antibiotics, there is an unmet 
need for the use of alternative compounds to treat pneumonia (see enclosed 
references by Hancock et al and Yan et al). The novel aspect of the applicants' 
claims is the use of lysozyme per se as an alternative (not an adjunct) to 
antibiotics for the treatment of pneumonia. Inclusion of additional steps 
materially changes the characteristics of the applicant's invention. In particular, 
the use of antibiotics in conjunction with lysozyme as indicated by Luniakin is 
contrary to the thrust of the applicants' claims. The substitution of a lysozyme 
fusion protein for native lysozyme as taught by Weaver et al also runs counter to 
the applicants' teaching. 

3) The Examiner rejects claims 28-35 under 35 USC 103(a) as being 
unpatentable over Weaver et al or Luniakin et al, stating that "Both references 
each teach that lysozyme is administered to a patient having pneumonia or 
inherently has pneumonia as taught above in Weaver. To use lysozyme from 
chicken eggs or produced by fermentation, etc. is simply the choice of the 
artisan." 
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The applicants' claims are not rendered obvious by either Weaver et al or 
Luniakin et al for the reasons presented above. Reconsideration of the rejection 
is therefore respectfully requested. 

In summary, it is respectfully requested that these claims now be placed in 
condition for allowance. Where appropriate, the applicants request constructive 
assistance with regard to the wording of the claims in order to place them in such 
condition. 

Sincerely yours, 

Jerome 0. Cantor, MD Bronislava Shteyngart, MD 



242 92 nd Street 

Brooklyn, New York 11209 

Telephone: (718) 990-7495 



Cantor, Shteyngart 09/826,731 8/29/03 



Bacterial Killing Is Enhanced by Expression of Lysozyme in 
the Lungs of Transgenic Mice 1 



Henry T. Akinbi, 2 Ralph Epaud, Hetal Bhatt, and Timothy E. Weaver 

To assess the role of lysozyme in pulmonary host defense in vivo, transgenic mice expressing rat lysozyme cDN'A in distal 
respiratory epithelial cells were generated. Two transgenic mouse lines were established in which the level of lyso/yme protein in 
bronchoalveolar (B AL) lavage fluid was increased 2- or 4-fold relative to that in W T mice. Lung structure and cellular composition 
of BAL were not altered by the expression of lysozyme. Lysozyme activity in BAL was signiticanth increased (6.6- and 17-fold) 
in 5-wk-old animals from each transgenic line. To determine whether killing of bacteria was enhanced by expression of rat 
lysozyme, 5-wk-old transgenic mice and \VT littermates were infected with 10 6 CTT of group B streptococci or 10 7 (H of a 
mucoid strain of Pseudomonas aeruginosa by intratracheal injection. Killing of group B streptococci was signiticantlv enhanced 
(2- and 3-fold) in the mouse transgenic lines at 6 h postinfection and was accompanied by a decrease in systemic dissemination of 
pathogen. Killing of Pseudomonas aeruginosa was also enhanced in the transgenic lines {5- and 30-fold). Twenty-four hours after 
administration of Pseudomonas aeruginosa, all transgenic mice survived, w hereas 20% of the \VT mice died. Increased production 
of lysoz>me in respiratory epithelial cells of transgenic mice enhanced bacterial killing in the lung in vivo, and w as associated w ith 



5760-5766. 

Clearance of pathogens in the respiratory tract is mediated 
at least in pan by the synthesis and secretion of host 
defense molecules into the airway lumen. One of the 
most abundant antimicrobial proteins in the lung. lysozyme. is syn- 
thesized and secreted by glandular serous cells, surface epithelial 
cells, and macrophages in the human airway ( 1 ). Human lysozyme 
(muramidase. .Y-acetyl muramide glycanohydroUsc. KC 3.2. LI 7 ) 
is a cationic protein of 148 aa that cleaves glycosidic bonds of 
.Y-acetyl- muramic acid, damaging the bacterial cell wall and ulti- 
mately killing the organism by lysis (2). Bacteriolytic assays in- 
dicate that purified lysozyme is activ e against some Gram-positive 
bacteria, but has relatively little activity against Gram-negative 
bacteria, largely because the outer membrane of these organisms 
limits access of the enzyme to its substrate |3). The concentration 
of lysozyme in human airway surface liquid ranges from 20 100 
ptg ml. a concentration sufficient to kill two important airwav 
pathogens. Pseudomonus aeruginosa and Stapfn lococi us aureus. 
in vitro (4). Despite numerous studies confirming the antibacterial 
properties of lysozyme in vitro, there are no studies that have di- 
rectly assessed the role of lysozyme in the killing of lung patho- 
gens in \ivo. I he current study was therefore undertaken to eval- 
tav the impact of constitute civ elevated lev eh of Usozwne on 
lung structure anil pathogen clearance in transgenic mice 

I he s|\nul expression of pulmonarv Kmvviik' in rodents differs 
from that in humans m that the enzyme is principally synthesized 
and sect i ted hy type 11 alveolar epithelial cells O. M Lwozvmc is 

Division of Pulmonary Biologv ( hiMr L Ti\ Mospit.il Medical ( enter. ( mcirm.ih. OH 
Rl\ci\cJ I. : puli|iL,itio:i l"chni.i'\ " ;rtnu \, v qMt.'J for piih!i L .nio:i Vueiis: [" ."(him 
cli.rix's Ths m'wW iiiiist iheivto'v lv iie:eh\ marked w./won, <n, >r n .teeovd.r-k e 
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one of the most abundant proteins in rat bronchoalveolar lavage 
(BAL) fluid, accounting for as much as 6 7'\, of the total soluble 
protein (5). Although two lysozyme genes have been identified m 
the rat. only the type I gene is expressed at detectable lev els ( *; in 
contrast, two lysozyme genes are expressed in the mouse, lv- 
sozyme M and lysozyme P (S. c >). Lysozyme M is the major form 
expressed in the lung, and only very low lev els of Ivsozvme P 
mRNA are detected in mouse lung (8). In the current study rat 
lysozyme type L the homologuc of mouse lysozyme \L was 
cloned under control of the human surfactant protein C (SP-O 
promoter to direct expression of the transgene to the distal respi- 
ratory epithelium (10 12} Transgenic mice expressing rat 
lysozyme exhibited significantly enhanced antimicrobial activity, 
including enhanced bacterial killing, decreased systemic dissemi- 
nation of pathogen, and increased survival following infection. 

Materials and Methods 

(wneration of transgenic- nine expressing rut ivsn^vme 

The rat kso/vme cl)\\ uas generated from rat t>pe II cell RNA h\ 
Rl P( R using upstream primer * ' d \ A T!( Aid \ \( i ( i( ' 1 (!((.! \ 
< j 1 I ( Id and downstream prime! * d \ \ ! !( H \ d \( !( ( ( i( \ 
d] I < ( d \ \I \I I he aniphfieil -liKi hp tragmeni \^as e.MitinneU to he 
i.it l\s,>/\nie K sequence .uuKms and u.is eloneei into ilie / > ,>R\ site oi 
Kdl liMM \e*tor. 'di:Ji contained the > " human MM p],»mole: 
sahhit (i glithin nitron 2. and bo\ me growth hormone poi\ adcin lation sig- 
nal il v 14 i 1 he transgene l)V\ construct evened from the PI ( ]n 
\ector backbone hv \<>t\ \J t [ digestion, gel puntied using Qiac\ re>ui 
iQiagen. dermanv \. dialv/ed for 4S h against > niM Iris <pH ^4) l mM 
H)l A. and mieroinjeeted into fertilized hVB N ooe\tes h\ the dhildren\ 
Hospital 1 ransgenic ( ore facility (-ounder mice were identified hs a trans- 
gene -specific Pt'R with primers that amplified a "10- bp fragment spanning 
the uinetion of the rabbit /Lglohin nitron and the rat l\so/\me el)V\ 
i upstream primer. ^ - \A I M I dd( I dd ( d 1 dd \ \\ downstream 
primei. ^ I I d d [ A ddd A I ( ((( AAd d( A Mi P( R conditions 
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Cetus. Poster ( itv CA>. and 1 * Amplilaq reaction buffer PCR results 
were verified by Southern analyses using a ,; P-labeled probe that hybrid- 
ized to the rabbit /3-glohin nitron, (-or all studies, transgenic nnee were 
compared with wild-type ( W I) hiiermate controls All mice used m this 
stud> were housed m pathogen-free rooms in the animal facility of Chil- 
dren's Hospital Medical C enter i( mcinnati. OH) 

( 'haracterizatian ol transgenic mice 

R.\A (RT-PCR) analysis. lo identify lines that expressed rat Ivsozvme 
mRNA. lung tissues were collected from >- to o-wk-old transgenic mice 
and control W! Imermates lotal cellular RNA was isolated using IRI/ol 
reagent (life I echnologies. Grand Island. NY). One microgram of DNase 
1 treated RNA was reverse transcribed using the Superscript kit date I ech- 
nologiesi with oligo(dT) as primer i-or R I - PC R analyses, nit lyso/vme 
cDNA-speeihc primers < upstream. 5 -AC A CAA (K"C ACA A At I At 
A.-UT: downstream. 5 -CiAA il( ICA (H A 'ICC ( i( A (il l CCG 
AA1 > were used with the PCR conditions described above J3-Actin was 
coamplified in the PCR reaction as an internal control. 
Northern analysis. 1 en micrograms of lotal RNA isolated from lung tis- 
sues of 5-wk-old transgenic mice and control W I Imermates was fraction- 
ated by gel electrophoresis, blotted onto a nylon membrane, probed with 
hiotindabeled rat or mouse lysozyme cDN \ (provided by Or Rainer Ren- 
kawit/ Max Planck Institut fur Biochemie. Martinsried. (ierman\). and 
delected by cheinilummescence (Pierce. Rockford. II.) 
Analysis of protein expression. Io identify transgenic mouse lines that 
expressed rat lysozyme protein. Western blotting was performed using a 
rabbit anti-human iysozyme Ab (Accurate t hemieais and Scientific Corp. 
Westhury. NY) that cross-reacts with both mouse and nit lysozyme (A/ r 
15k). Lungs were isolated from 5-wk-old offspring of transgenic 
founders and homogenized in PBS with l"n (v v) protease inhibitor mix- 
ture (Sigma. St Louis. MO). Protein concentration was determined bv 
hteinehontnic acid protein assay (15). One-half microgram of total lung 
protein was analyzed by SDS-PAGL and V\ estern blotting, as pre\iousl> 
described (!o). Io assess the level of secreted lysozyme. BAL fluid was 
obtained from six 5-wk-old transgenic mice and five control WI litter- 
mates as described below. One-halt microgram of total protein of BAL 
fluid was resolved b> SDS-PAGh and Western bloited with rabbit anti- 
human lysozyme Ab. Levels of lysozyme proteins in lung homogenates 
and BAL, fluids were quantitated by scanning densitometry using Image- 
Quant software (Molecular Dynamics. Sunnyvale. CA>. 
BAL fluid tell count, Hve 5-wk-old transgenic mice and five control W"I 
Imermates were exsanguinated by transecting the abdominal aorta and the 
inferior vena cava after a lethal i.p. injection of sodium pentobarbital. I he 
lungs were lavaged three times with 1-ml aliquots of PBS. BAL fluid was 
centrifuged at 2000 i,' for 10 min. and the pellet was resuspended in 0.5 
ml of PBS. A 50-^.1 aliquot was stained with an equal volume of 0.4% 
trypan blue (Life Technologies) for total cell count on a hemocytometer 
Differential cell counts were made on cy tospm preparations stained with 
Diff-Quik (Scientific Products. McCiraw Park. 11) 

Lysozyme enzyme activity assay. Io assess iysozyme enzyme activitv. 
BAL fluid was obtained from 5-wk-old transgenic mice and control W I 
Imermates. BAL fluid containing 1 ji'z of total protein was incubated with 
killed \tu nh (h i u\ hsoJeiktietis suspended in 0 4 M phosphate buffer. pH 
d ~. at an OI) <450 nM I of 1 at V t I he change m OO was assessed after 
i ii of incubation ( i ") Purified chicken egg Ksozvme used to izcncrutc 
.i standard, curve ill o! enzyme activity equals a 000] change in ODi 
lnni> morpholoj^y and immunohistochemistry. ! o assess Inn i_* niorpfio 
■ 'gv. lungs trom torn ^ w k o'ci tratis^enu m:,c .nn! rn- ;! - ^ontr" ; W I 1 
termates from transgenic line ; 5 were intlation-tixed for imnuinosUinuig 
a in! light nuci-os^opv as pieuousiy descnbed \ \ .s i Immunosunnng toi 
lysozyme was performed using antiserum directed against human Iv- 
so/yme (Accurate Chemicals and Scientific t orp. > Parallel lung sections 
were incubated with normal rabbit serum to verify the spec i lie it \ of 
immunostainmg 

Hat tena killing a\sa\ \ 

Oroup R streptococci (CHS). Stock cultures of CBS used in this vtudv 



CM HMt fi\ I he concentration of the inoculum was verified by quantita- 
tive culture on sheep blood agar plates 

Psi'Udomonas aeruginosa. I he strain ol /' aerugim^a was a mucoid 
segregant isolated trom the sputum of a cystic fibrosis patient iprov ided bv 
I)r I) JUassett. I niversity of Cincinnati ( ollege of Medicine. Cincinnati. 
OH). /' iicru\:tn<>\ii obtained from a single passage was stored in aliquots 
al "0 t in 20" ( . glycerol Luna-Bcnoni (1 B) broth for each experiment, 
an aliquot of bacteria was plated on I B agar followed bv inoculation into 
4 ml of I B broth. Preparation of the inoculum was conducted as described 
tor CBS. the concentration (til ) of the inoculum was ventied bv quan- 
titative culture on I B plates 

Bacterial infection. The dose of bacteria selected for these studies was 
based on the results of previous studies in the f\B N mouse strain ( W) 
Mice were anesthetized with isotluorane. the trachea was exposed through 
an anterior midline incision, and 10' 1 CK (CBS) or 10 CM iP aerugi- 
nosa), suspended in 100 u.\ of sterile PBS. was deliv ered just beneath the 
cricoid cartilage I he incision was sealed bv applying one drop of surgical 
glue (Nexabrand. Veterinary Products Laboratories. Phoenix. A/). As a 
control, 100^x1 of nonpy rogenic PBS was similarly instilled into transgenic 
and W I mice lo assess bacterial load at o h (CBS) or 24 h (/' Ui-rugmosa) 
postinfection, mice were anesthetized with i.p pentobarbital and exsangui- 
nated bv transecting the abdominal aorta, and lung and splenic tissues were 
harvested, weighed, and subsequently homogenized in sterile PBS Serial 
dilutions of homogenates were plated on blood agar KiBS) or LB iPseuJo- 
m<y)hi\ \ plates and incubated at .i? C overnight. Viable pathogen counts in 
the lung and spleen were estimated from the number of colonies after 24 h 
ot quantitative Culture and c\prc.v-*cd a.-> ( J { per l^hu oi tissue. 

To determine survival following infection. 20 5- to 6-wk-old transgenic 
mice from the v> line and 20 W'l Imermates were infected with 2 x 10 
Chi P aeruginosa intratracheally . as described above W ater and food 
were prov ided ad libitum during the period of observ ation I he number of 
surviving mice was counted every 12 h tor up to 60 h. at which time all 
surviving mice were sacrificed 

Cytokine levels following infection with P. aeruginosa 

Light 5- to 0-wk-old transgenic mice and eight age-matched W I Imer- 
mates were infected intratracheally with 10' (TT of/' aeruginosa sus- 
pended in 100 ill of PBS Mice were sacrificed at either 6 or 24 h. lungs 
were lav aged as described above, and lung tissues were homogenized in 1 
ml of PBS with 1% (v v ) protease inhibitor mixture: the total volume after 
homogeni/atiou was adjusted to 2 ml with PBS. Mouse I Nf -a. 1 1.-6. mac- 
rophage inflammatory protein-2 (M1P-2). and RAN I PS were measured bv 
sandwich enzyme immunoassay (R&D Systems. Minneapolis. MN). I he 
limits of sensitiv ity for each cytokine are --5.L <.V1. 1.5. and ■ 2 pg ml. 
respectively. All samples were assayed in duplicate, and values were nor- 
malized to total protein in the samples 

Statistical analyses 

Differences between groups were assessed by one-wav ANOYA. and dif- 
ferences between means were assessed by contrast comparisons ami the 
Student-New man-keuls test (SiatYiew. Abacus Concepts. Berkelev. ( Ai 
Data are expressed as the mean * SD. Nonparametnc survival distribu- 
tions were estimated to examine differences in survival of transgenic mice 
and W I Imermates | he differences between the two groups were analv/cd 
asmg Kaplan Meiei curve statists 

Results 

Io assess the rote of lysozyme in pulmonary host defense, traits 
genie mouse lines were generated m which rat lyso/vme was tar- 
geted to the distal respiratory epithelium under the direction of the 
v^-kb human SP C promoter. Seven of 21 offspring from fertil- 
ized oocy te injections were positive for the transgene. as assessed 
hy PCR and continued bv Southern blot analvses of tail l) \ A (not 
show n i transgenic offspring were indistinct from W I hrteiniatcs 
with respect To both wendit. hinr wemht. Ioplv 1 m n>d 'vr-ro 
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mice. A eDNA probe specific tor the rat lysozyme transgenc de- 
tected an approximately l-kh transcript (fig ]./) When the same 
hlot was probed with a mouse !yso7yme cDNA. both the larger 
endogenous mouse lysozyme mRNA and rat lyso7yme transgene 
mRNA were detected. 

Because rat ami mouse lysozyme ha\ e very similar in w . it w as 
not possible to distinguish the two proteins by SDS-PAGh. Total 
levels of lysozyme (rat and mouse) were estimated by Western 
blotting of equal amounts of protein from lung homogenates or 
BAL fluid from 5-wk-old transgenic mice and \\T littermates. 
Total lysozyme protein in mice from transgenic line 2.6 was in- 
creased 2-fold in both lung homogenate {Fig. \B) and BAL fluid 
(not shown); total lysozyme protein in mice from transgenic line 
v> was increased 4-fold compared with that in control \VT litter- 
mates (Fig \B) Lysozyme (A/ r 142) was not detected when lung 
homogenates and BAL were blotted with nonimmune rabbit 
serum 

To determine whether increased lysozyme protein levels were 
associated with increased enzyme activity, lysozyme enzyme ac- 
tivity in BAL fluid from 5-wk-old transgenic mice and wild-type 
littennate controls was assessed by a turbidi metric assay using 
purified chicken egg lysozyme as a standard. Lysozyme enzyme 
activity in mice from transgenic line .V" 1 was nieicascu i "*.""- ioiu 
compared with that in w ild-type mice (550 I ng BAL protein vs 
31 L ng BAL protein in YYT mice: p - 0.0001; Fig. 2). As pre- 



dicted from Western hlot analyses, lysozyme enzyme activity m 
BAL from line 2.6 was increased relathc to that in WT controls 
< P - 0.02). but was less than that in BAL from transgenic line .v5. 

The pattern of lysozyme expression was characterized by mv 
munostaming of paraffin-embedded lung sections from 5-wk-old 
transgenic mice and control WT littermates. In WT mice, immu 
nostaining of endogenous lysozyme w as restricted to alveolar ep- 
ithelial cells, whereas m transgenic mice, lysozyme staining was 
equally prominent in nonciltated bronchiolar cells and alveolar ep- 
ithelial cells (Fig 3) No staining was detected in the submucosa or 
in nonepithehal cells in either WT or transgenic mice or when 
parallel lung sections from transgenic mice were incubated with 
nonimmune rabbit serum Lysozyme expression in transgenic mice 
therefore conforms to the previously reported expression pattern 
for the 3.~-kb human SP-C promoter { 10 12) 

The histologic features of paraffin-embedded, hematoxylin eo- 
sin-stained sections of lungs from uninfected 5-w k old transgenic 
mice and control WT littermates were also compared. The archi- 
tecture of lungs from transgenic mice were indistinct from that of 
lungs from littermates with respect to septal thickness, type II eel! 
hypertrophy, and hyperplasia (not shown). There was no evidence 
of pulmonary edema or vascular congestion, and inflammatory 
cells were not detected in Sung sections from uninfected transgenic 
mice. In addition, there were no differences in the total cell count 
or the distribution of cell types recovered from BAL fluid. 
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Effect of transgene expression on killing <>} ben teria in 
infer ted mice 

hilling of CBS. To determine w hether increased lysozvme levels 
in the airway enhanced killing of bacteria in the lungs, quantitative 
cultures of lung homogenates from transgenic mice and WT lit- 
tennate controls were compared following intratracheal injection 
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FIG I RF 1. F.vprvsMon oi rat Kso/\me in transgenic mice I. Repre- 
sentatne Northern blot anahsis of !() fii: of total cellular KNA from lung 
tissue isolated from 5-wk-old transgenic mice from line .v> i lanes -4 and V 
left panel: lane* > ami 4. n^hi panel) and \\ 1 littermates \Ume\ I .\ left 
panel: l,m,^ /. .\ and \ n^hr />,//;, •/» Samples in the left panel u ere pmhed 
with the labeled mouse l\so/\nie cDN V which detected both mouse i\ 
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i'unfied chkketi clil while l\Mt/\me was u^ed to eciierate a standard 
vur\c Data are the mean ' S[ M n. nnniher of annual-, pet experiment 
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KJGl RK 3. I.\so/\mo protein is expressed in aheolar cells ami bronchiohtr epithelial cells in transgenic mice Cellular localization of l\so/>me protein 
in transgenic mice wa> assessed h> immunohistochcmistrx on lung sections from Swk-old transgenic mice from line ,V5 (( ") and \\ i Imcrmates [B) umiiu 
anti-human Kmvwiic Ah. No staining uas detected when parallel sections from transgenic mice were incubated with nonimmune rabbit serum (.1) 
I.yso/yme was detected in aheolar epithelial cells (arrow) in W'T and transgenic mice 1 \s0/\me expression was also detectetl in hrnnehiolar t*nitht>li:»l 
cells of transgenic mice, but not W i mice (arrowheads). Magnification. \240. 



of 10* CFL of GBS. All mice survived until sacrifice at 6 h postin- 
fection. Killing of GBS was enhanced 3.2-fold in mice from trans- 
genic line 3.5 (2. 1 ± 0.1 x 10* CFL g protein vs 6.8 ± 0.5 x 10* 
in W'T mice; /> - 0.01; Fig. 4). The incidence of systemic dissem- 
ination of infection, as assessed by growth of GBS on plates in- 
oculated with splenic homogenates. was less in transgenic mice 
(2~ vs 60%: p - 0.04). Killing of GBS was enhanced 1.7-fold m 
mice from transgenic line 2.6 (4.2 ± O S x 10* CKL - g protein vs 
7.1 ± 0.6 x |()* in WT mice; P - 0.04). 

killing of P. aeruginosa. All transgenic mice surv ived until sac 
nfice at 24 h postinfection following intratracheal infection with 
10 CKL ot P aeruginosa; in contrast. 20% of infected W'T mite 
died. Bacterial killing was enhanced 30.6-fold in mice from trans- 
genic line 3.5 (1.06 ± 0.05 x 10* CFL g protein compared with 
32.4 - 0.41 x 10* in W'T littermate controls; p - 0.03; Fig 5) 
Bacterial killing was enhanced approximately 6.2-fold in mue 
from transgenic line 2.6 (6.52 _ 0 r \ x 10* CKL g protein; /' - 
0 05). Systemic dissemination was not detected in surviving mice 
at 24 h postinfection. Following intratracheal infection with 2 x 



10 CKL of P aeruginosa, the mean survival time for transgenic 
mice (4^.0 r 2.1 h) was significantly longer than that of W'T 
Itttermates (36.0 ± 2 6 h; P - 0.004"; Fig 6) 
Neutrophil recruitment following P. aeruginosa infection. Fol- 
lowing intratracheal infection with ML CFL of Pseudomonas 
aeruginosa . total cell count and neutrophil influx were assessed m 
the lungs of transgenic mice and W'T littermate controls. Total cell 
counts were significantly increased in W T and transgenic mice 
compared with uninfected littermatcs at 6 and 24 h postinfection 
( p < 0.0001; Fig. 7A). The percentage of neutrophils in BAL fluid 
was significantly higher in transgenic mice than in W'T littermatcs 
(61.5 ± 5.6 vs 2 l ) = ".2; p 0.014) at 6 h postinfection; how 
ever, at 24 h postinfection, the percentage of neutrophils in the 
BAL fluid was higher in W'T mice (SS» T 1 .0 vs 63.7 ± N O; p - 
0.04: Fig. ) 
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FIGURE 6. Survival following infection with P aeruginosa is en- 
hanced in transgenic (Tg) mice. aeruginosa (2 10 CT-'U) was injected 
into the trachea of 20 5-wk-old transgenic mice and 20 age-matched W I 
littermates from line 3.5 as described in Materials ami Methods. The num- 
ber of surviving mice was counted every 12 h for up to 60 h. The mean 
survival time for transgenic mice was significantly longer than the survival 
time for WT littermates (49.0 t 2.1 vs 36.0 ± 2.6 h>./> 0.0047. ■. WT 
mice; transgenic mice. 



Analysis of proinflammatory mediators following infection. The 

ie\ els of tour proinflammatory cytokines assessed following in- 
fection with P. aeruginosa were significantly elevated at both o 
and 24 h compared with those in uninfected littermates of either 
genotype ( p < 0.02); uninfected mice had little or no detectable 
proinflammatory mediators in HAL fluid and lung tissue. Levels of 
mMIP-2 in BAL fluid and lung tissues were significantly higher in 
transgenic mice than in WT littermates 6 h after intratracheal in- 
fection with P. aeruginosa ( p — 0.03 for lung homogenate; /' - 
0.04 for BAL fluid; Fig. S ); however, at 24 h postinfection there 
was no significant difference between transgenic mice and WT 
littermates There were no significant differences in the levels of 
mouse (mi TNF-a. mlL-6. and mRANTHS between transgenic 
mice and control littermates at 6 and 24 h postinfection (data not 
shown ). 

Discussion 

Rat lysozyme was expressed in the respiratory epithelium of trans- 
genic mice, increasing lysozyme protein levels and enzyme activ- 
ity in BAL fluid without altering lung structure or function, in- 
creased lysozyme was associated with enhanced bacterial killing 
and decreased mortality following infection with /' ui-ruginnsa. a 
major human auwax pathogen Lvsozvmc aNo conferred prorcc 
tion against (iBS. although the effect was not as pronounced as that 
against }\\-inlt>mt>ini\. While other pathogens were not tested, the 
iransgemc mice generated in this stiuh should provide a useful 
animal model to begin to delineate the spectrum of Ivsozvme an 
timicrobial activity in the lung 

I he spectrum of lysozyme antimicrobial actmtv m vitro ap 
pears to be relatively narrow, leading some m\ estimators to con- 
clude that exogenous lysozyme would be of little benefit in con- 
trolling bacterial infection (20). However, it is important to note 
that the results of in vitro studies arc not necessarily predictive of 
lysozyme actiMtv in vivo because of potential svnergistic actions 
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FIGURE 7. Recruitment of neutrophils into the airspace is enhanced in 
transgenic mice early in P. aeruginosa infection. P aeruginosa (10 I I U) 
was injected into the trachea of five 5-wk-old transgenic mice and five 
age -matched WT littermates from transgenic line 3.5. Total cell counts and 
differential counts were assessed on the BAL fluids at 6 and 24 h as de- 
scribed in Materials and Methods. Compared with uninfected mice, total 
cell counts were significantly elevated in both groups at t> and 24 h (p < 
0.0001; A). The percentage of neutrophils in BAL fluid from transgenic 
mice was significantly higher in transgenic mice at 6 h follnwing infection 
(p - 0.014). whereas at 24 h postinfection, the percentage of neutrophils 
was higher in WT mice (p = 0.04; H). ■. WT mice; O, transgenic mice. 



proportional increase in enzyme activity relative to lysozyme 
transgenc protein may also be the result of such swicrgy. These 
results underscore the importance of testing the antimicrobial ac- 
tivity of lysozyme in vivo w here numerous synergistic interactions 
are possible. 

Several mechanisms have been proposed for the microbicidal 
activity of Ivsozvme in \ uro Lvsoz*. me is a muranudasc whose 
enzymatic acti\it\ is typiealK assess, d h\ indrob^ ot the gl\ 
cosidie linkage between \ -acet\ Innu am ic acid and \ acct\hdu 
cosamme in the cell wall of W/ ( ><>< , < /■, sndt ;k;. t Mmami 
dasc aeti\ ity in B \L of transgenic mice expressing rat Ivsozvme 
was increased I" "-fold relative To that m V\ j mice, suimestim: 
that elevated lysozyme enzyme acm itv mav account for much of 
the enhanced clearance of /\ ai rugmnsa. Ho\ve\ei there is also 
evidence that lysozyme possesses antibacterial activitv that is in- 
dependent of muramidase activity, h nzymatically maeti\e lv 
so/\ine was shown to retain bactei ... idal acti\ it\ I 2 V 24 i. and 
During et al i25i recently demonsti . ( ted that small amphipathic 
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FIGURE 8. Levels of mMIP-2 arc signifi- 
cantly incrviLsed in transgenic mice 6 h postin- 
fection. P. aeruginosa (10 CI U) was injected 
into the trachea of eight 5-wk-old transgenic 
mice and eight age-rnatched control WT litter- 
mates from transgenic line 3.5. The levels of 
proinflammatory mediators were assessed in 
HAL fluid and lung tissues at 6 and 24 h postin- 
fection and in an equal number of uninfected lit- 
termates as described in Materials and Methods. 
Lewis of mTNF-o. mil. -6. and niRAMhS 
were not significantly different between trans- 
genic mice and control WT littermates. Levels of 
mMIP-2 were significantly higher in transgenic 
mice at 6 h in both BAL [p = 0.04; H) and lung 
homogenates {p ~ 0.03: A). M. WT mice; I _}. 
transgenic mice. 
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hnhanced bacterial killing in transgenic mice may be partly due References 
to increased recruitment of neutrophils early in the course of in- 
fection. Neutrophil influx into the airspaces was slightly, but sig- 
unicaiiiK. ingliei tu uaiisgentc mice ai 6 h postinfection, funnci. 
the level ofmMIP-2. a neutrophil chemotactic factor, was signif- 
icantly elevated in transgenic mice at this time point. In contrast, 
neutrophil numbers and mMIP-2 levels in unchallenged transgenic 
mice were not different from those in WT littermates. These data 
suggest that constitutive overexpression of lysoz\ me in the air- 
ways may enhance neutrophil recruitment following infection. Al- 
though it is reasonable to speculate that increased neutrophil influx 
may contribute to enhanced bacterial killing in these transgenic 
mice, this hypothesis has not been directly tested 

Lysozyme was previously identified in rat alveolar type II epi- 
thelial cells by immunohistochemistry (5. 6). In the present study 
lysozyme was amplified by PCR using cDNA generated from 
highly purified isolated rat type II epithelial cells; the deduced 
ammo acid sequence of the amplified product w as identical with 
the previously reported sequence for rat lysozyme (26) with the 
single exception of a substitution of glycine for tryptophan at po- 
sition 46. Immunogold labeling and subcellular fraction of type II 
epithelial cells localized lysozyme to lamellar bodies, secretory 
granules in which pulmonary surfactant is stored (27 29). Follow- 
ing secretion, lysozyme was detected in association with tubular 
myelin, a lattice-like network of surfactant membranes (27. 28). 
Interestingly SP-A. another lamellar body protein involved in air- 
wav host defense (30. >1 }. w;is also associated with tubular mvelin 
i2N. 32). raising the possibility that this structure ma\ ser\ e as a 
scaffold for host defense proteins involved in alveolar sun eillance 

Mthough the present sttnK has not defined the precise media 
nism by which lysozyme promotes bacterial killing in \i\o. these 
results have important implications for enhancing airway host dc 
tense. Lysozyme levels in transgenic mice were constitute cly el 
evated without affecting lung structure, suggesting that lysozyme 
could be safely administered for extended therapy. Most impor- 
tantly, elevated levels of lysozyme significantly enhanced killing 
of p ui 'ii^im >u! . the most common pathogen associated uith ' u ~- 

chronic colonization of the airway m cystic fibrosis patients L\ S ; 1: . ; - L "' 
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It is becoming clear that the cationic antimicrobial peptides are an 
important component of the innate defenses of all species of life. 
Such peptides can be constitutively expressed or induced by 
bacteria or their products. The best peptides have good activities 
vs. a broad range of bacterial strains, including antibiotic-resistant 
isolates. They kill very rapidly, do not easily select resistant mu- 
tants, are synergistic with conventional antibiotics, other peptides, 
and lysozyme, and are able to kill bacteria in animal models. It is 
known that bacterial infections, especially when treated with 
antibiotics, can lead to the release of bacterial products such as 
lipopolysaccharide (LPS) and lipoteichoic acid, resulting in poten- 
tially lethal sepsis. In contrast to antibiotics, the peptides actually 
prevent cytokine induction by bacterial products in tissue culture 
and human blood, and they block the onset of sepsis in mouse 
models of endotoxemia. Consistent with this, transcriptional gene 
array experiments using a macrophage cell line demonstrated that 
a model peptide, CEMA, blocks the expression of many genes 
whose transcription was induced by LPS. The peptides do this in 
part by blocking LPS interaction with the serum protein LBP. In 
addition, CEMA itself has a direct effect on macrophage gene 
expression. Because cationic antimicrobial peptides are induced by 
LPS and are able to dampen the septic response of animal cells to 
LPS, we propose that, in addition to their role in direct and 
lysozyme-assisted killing of microbes, they have a role in feedback 
regulation of cytokine responses. We are currently developing 
variant peptides as therapeutics against antibiotic-resistant 
infections. 

Animals arc exposed to millions of potential pathogens daiK. 
through contact, ingestion, and inhalation. Their ability to 
avoid infection depends on their mechanisms of innate immu- 
nity There has been a tendency to emphasize the role of the 
humoral and or cellular immunological system in defense 
against infection; however, it is equally clear that this system is 
not triggered rapidly enough to protect against exposure to 
pathogens. In the past decade, the role of cationic antimicrobial 
peptides has become increasingly apparent ( 1 ). and there is ;i 
growing bod\ of evidence thai their role in defense against 
microbes is ;is important to the host as antibodies, immune eelN. 
and phagocy tes. In the fruit fly Ihosophila. for example, cat ion ic 
peptides a iv the major form ot defense against infection and are 
induced, in response to challenge b\ bacteria or I ipopoiv saccha- 
ride (LPS), by a regulatory pathwav similar to that used b\ the 
mammalian immune system, involving Toll receptors and the 
transcription factor M kB (1). 

The Nature of Cationic Antimicrobial Peptides 

We use the term (cationic) antimicrobial peptides to describe 
gene-encoded peptides comprising between \2 and 'Ml amino 
acids, with at least two excess positive changes due to Ksjne and 



0-strands stabilized by disulphide bridges, amphipaihic a-heli- 
ces. extended structures, and loop structures ( Table 1). Despite 
these different folding patterns, there appear to be two tvpes of 
three-dimensional configurations, an amphipaihic structure w ith 
opposing hydrophobic and polar cationic faces and a cationic 
double-v\ ing structure w ith two regions of positiv e charge brack- 
eting a hydrophobic core [ref. 1 and A. Ro/ek. ( ". Lriedrieh & 
R.L.W.1L (unpublished results)]. 

Lxamples of mammalian cationic antimicrobial peptides are 
presented in Table 1. In addition to these classes, there is a 
variety of animal cationic proteins including bactericidal per- 
meability increasing protein, lactoferrin. transferrin, cathepsin 
G. eysiatin, CAPiS. pepsinogen C. libosomal puuein S.Vr. eu.. 
whose antibacterial activ hies can be traced to a cationic peptide 
sequence within these basic proteins. 

These peptides are termed antimicrobial because they have 
unusually broad spectra of activity. These can include an ability 
to kill or neutralize Gram-negative and Gram-positive bacteria, 
fungi (including yeasts), parasites (including planaria and nem- 
atodes), cancer cells, and even enveloped viruses like HIV and 
herpes simplex virus. Nevertheless, main peptides are quite 
selective for microbes over cukaryotic cells. Not all peptides have- 
all of the above activities. However, a single 13-aa peptide, 
indolicidin. for example, is able to kill bacteria, fungi, and HIV. 

Antimicrobial peptides tend to be found in those parts of 
animals that are most likely to come into contact w ith pathogens 
from the env ironment. Thus, they are found on the skin, ear, and 
eye. on epithelial surfaces, including the tongue, trachea, lungs, 
and gut. and in the hone marrow and testes. Thev are also the 
most prevalent protein species of neutrophils, being associated 
with azurophilic granules and comprising a major nonoxidati\e 
killing mechanism of these dedicated antimicrobial phagoevtes. 

Mechanism of Production in Animals 

The mucous lay er ol animals covers and protects ail epithelial 
tissues against microbial, mechanical, and chemical insults and 

tonus an initial hue o! delete. "The main constituents are the 
mucins anil other glycoproteins, proteinase inhibitors, and cat- 
ion ic pe pi ides, like del ensins. I leall hy - tissue epithelial eel is have 
been show n to express /-{-del en si n genes tt t a low level. However, 
some detensin genes ean be induced on treatment with proin- 
liammalory cytokines. LPS. or bacteria. Tor example, produc- 
tion of human 0-defensin (HBD)-2 in keratinocy tes is stronglv 
induced on contact of keratinocy tes w ith Gram-negat i\ c bacteria 
or proinflammatory cytokines such as tumor necrosis tactor 
( TM )-u or IL-1/3 (4). HHD-2 m R N A expression has been 
observed in the skin, foreskin, lungs. ;nul trachea, but not in the 
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Table 1. Some representative mammalian peptides 



Peptide 


Class 


Ammo acid sequence*' 


HNP-1 (rr-defensin) 


tf-sheet 


ACi YC^RIPACjIAGERRYGTC YQGRLWAFC 2 Ci 


HBD-2 (0-defensm) 


0-sheet 


MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTC 1 LKSGAIC^HPVFC^PRRYKQIGTC 2 GLPGTKC 1 C^KKP 


Protegnn 


0-sheet 


RGGRLC1 YC2RRRFC1VC2VGR 


Indolicidin 


Extended 


ILPWKWPWWPWRR -NH 2 


BacS 


Extended 


RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP 


Bactenicin 


Loop 


RLCi RIVVIRVC1 R 


LL-37 


a-hehcal 


LLG DFFRKSKEK IGKEFKRIVQRIKDFLRNLVPRTES 


Cecropin P1 


rjr- helical 


SWLSKTAKKLENSAKKRISEGIAIAIQGGPR 



*Stngle-letter amino acid code 

'Subscript numbers represent amino acids that are joined by cysteine disulfides 



kidney, salivary glands, small intestine, and liver. This is in 
contrast to HBD-1. which is constitute el\ expressed mainly in 
the urogenital tract and kidney. Several other inducible 0-de- 
fensins are produced in the epithelia. including tracheal antimi- 
crobial peptide ( TAP), isolated from bovine respirator) mucosa, 
lingual antimicrobial peptide, and the enteric 0-detensin (5). 
TAP is expressed in columnar epithelial cells of the conducting 
airways, and the mRNA ot this p-defensin peptide is up- 
regulated in response to LPS. The production of HBD-2 by 
human epithelium resemhles the ancient defense mechanisms of 
plants and insects (2). because there is evidence in these 
situations for the involvement of the transcription factor NTkB 
and Toll receptors. Such a mechanism elicits an immediate 
antimicrobial response to the same microorganisms that have 
had contact with the epithelial cells, and these responses are 
related to. but completely independent of. the leukocyte- 
dependent immune defense mechanisms. Other obvious differ- 
ences between the cat ionic antimicrobial peptide response and 
the immune response in animals are the highly specific nature of 
immune responses, the relative slowness of immune responses 
because of the requirement for clonal cell expansion, and the self 
vs. nonself discrimination built into the immune response. In 
contrast, inducible peptide responses result in an ability to act 
against a wide spectrum of pathogens, occur within minutes 
rather than days, and lack real-self vs. nonself discrimination 
(although the peptides appear to have relatively low activity 
against host cells). 

Evidence for Their Role in Host Defenses 

The evidence for a role of cationic antimicrobial peptides in 
innate host defenses has become quite convincing. It includes 
data demonstrating that some peptides are inducible by bacterial 
products and convincing animal model and transgenic animal 
experiments indicating that the peptides protect against infection 
in experimental animals. The inducibiliu of peptides has been 
summarized above. The kinetic*- of induction arc highlv sugges- 
tive ot a role in early defenses against infection. 

The animal model data demonstrating protection b\ a v;irietv 
ot different peptides applied both topically and systeinicalK vy ere 
summarized recently (M. Such studies have confirmed the 
antibacterial (vs. both Gram-negative and Gram-positive bacte- 
ria ). antifungal. sy nergistic and antiendotoxic (see below ) nature 
of ant i microbial peptides. These results have been confirmed by 
studies showing systemic protection by nisin against Streptococ- 
cus pneumoniae infections of mice (7). local protection bv the 
protegnn-related peptide IB.Vr against polymicrobic oral mu- 
cosaitis in hamsters (S). protection against lethal l^seadooionas 
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continuously at low levels by using a device called an osmotic 
pump. 

An alternative method of doing these ty pes of studies involves 
a "gene-therapy" treatment of mice with an adenovirus vector 
containing the DNA for the human peptide LL-37 (11). Such 
mice showed a dramatic increase in serum and lung LL-37 and 
demonstrated significantly fewer bacteria and a lower inflam- 
matory response after sublethal challenge and a dramatic in- 
crease in resistance to endotoxin and Escherichia coli challenges. 

Although the role of such peptides in defense against infec- 
tions has been emphasized, many other intriguing properties 
have been ascribed to selected cationic peptides, including 
induction of the wound-repair proteoglycans termed Syndecans 
(12). stimulation of nonopsonic phagocytosis (13). chemoattrac- 
tion of IL-S-stimulated neutrophils (14). and penetration of the 
blood-brain barrier (15). 

It is well known (1) that cationic antimicrobial peptides are 
major components of certain phagocytic cells, especially neu- 
trophils and alveolar macrophages. They appear to be involved 
in nonoxidative killing bv such cells (lb). Although oxidative 
killing of bacteria by phagocytes is often emphasized, nonoxi- 
dative killing can be very effective, because neutrophils from 
chronic granulomatis disease patients, which lack an oxidative 
response, arc still able to kill most bacteria (lb). Indeed, such 
patients are only substantially more susceptible to infections by 
Hurkhofdcria cepacia, one of the bacteria that are naturalU 
resistant to cationic antimicrobial peptide action (17). 

Mechanism of Action 

Cationic antimicrobial peptides have been described as mem- 
brane-active agents ( 1 ). This is certainlv true lor main peptides, 
but we and others have recently described data that indicate that 
the membrane is not necessarily the target for manv. or perhaps 
even most, cationic peptides (3, 1S-20). To summarize the 
proposed mechanism of action for Gram-negative bacteria, the 
peptides interact with and cross both cell envelope membranes 
and then kiil cells by a multihit mechanism that invokes action 
on more than one anionic target. I he initial uptake across the 
outer membrane is \ ia sell-promoted uptake ( 3. 1 3 ) proposed by 
us 20 years ago to explain uptake of polv cat ionic antibiotics like 
aminoglycosides and pohmvxins across the outer membrane. In 
this mechanism, the peptides initially interact with the polv an- 
ionic surface LPS and competitiv ely displace the divalent cations 
that bridge and partly neutralize the LPS. This causes disruption 
of the outer membrane (visualized as surface blebbing). and it is 
through these disrupted outer membranes that peptide mole- 
cules are proposed to pass (i.e.. the peptides sell promote their 
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Cytokines 

Fig. 1. Model outlining the major events in induction of sepsis by bacteria 
and the points at which cationic peptides are proposed to intervene. 

supramolecuiar peptide lipid complexes (or toroidal channels). 
In some cases, these channels may cause sufficient k severe 
permeability problems to inhibit or perhaps even kill cells. The 
lifetime of such channels is short (IS) and. when the\ collapse, 
some of the peptide molecules are left in the inner monolayer 
and then are proposed to disassociate and interact with cyto- 
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targets in cells include UNA. membrane permeability, and 
autolysins. Moreover, the relative importance of each of these 
targets may vary from peptide to peptide. 

Nevertheless, one consequence of this phvsical mechanism of 
action (based on ionic and hydrophobic interactions) is that it is 
rather difficult for bacteria to become resistant to such peptides, 
and making mutants is not at all easy (22). Mutation of the 
PhoP/PhoQ system is reputed to lead to resistance to cationic 
antimicrobial peptides but actually only increases minimum 
inhibitory concentrations about 2- to 4-fold. Very few naturallv 
resistant bacteria occur; they include B. cepacia (which has an 
outer membrane composition that does not permit self- 
promoted uptake) and Proteus and Serrana sp.. which make 
proteases that cleave some but not all cationic peptides. 

Role in Counteracting Sepsis 

More than a half million patients suffer from sepsis everv vear 
in North America. Sepsis is associated with the presence of 
pathogenic microorganisms or their toxins in the blood (Fig. I ). 
It can result from infections with either Gram-negative or 
Gram-positive bacteria. Gram-negative sepsis is usuallv caused 
by the release of a bacterial outer membrane component, 
endotoxin (FPS). The toxicity of FPS is contained within its lipid 
A portion. Gram-positive sepsis is also presumed to be caused bv 
the release ot bacteria! cell wall components. A number of 
Gram-positive cell wall constituents, including lipoteichoic acid 
ill A) (23). peptidoglycan IPG) (24). Streptococcus rhamnose- 
glucose polymers |25). and Staphvlocoi < ;o capsular polv saccha- 
ride (2b). have been shown to stimulate the production ot 
inflammatory mediators m \ um. When injected into animals, 
these Gram-positive cell wall components elicit manv of the 
characteristic features of septic shock, including cvtokine pro- 
duction, leukocy topenia. circulatory failure, multiple organ dys- 
function syndrome, and mortality (27. 2S). Antibiotics used to 
treat the bacterial infection can actually be harmful in that thev 
can stimulate the release ol endotoxin (2'U. or. in the case of 
Gram-positive bacteria, peptidoglycan and FIA I 30. 31). Both 
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dence of Gram-positiv e-induced septic shock (33) indicates that 
there is a need to develop therapeutic strategies to prevent the 
activation of mt lammatory cells by components of Gram- 
positiv e cell w alls. 

The mechanism by which I PS activates macrophages is now 
understood in some detail ( ret. 33; Fig. 1 ). FPS-binding protein 
(FBP). an acute-phase reaciant that is present in the blood, 
hinds LPS and transfers it to CI) 14. a protein that exists as a 
soluble form in blood and as a glvcosvl phosphat idv linositol- 
linked molecule on the surface of monocytes and macro- 
phages. FPS-CD 14 complexes are thought to initiate intracel- 
lular signaling reactions b\ binding to loll-like receptors 
(TFRs) on macrophages and other cells (33 ). I 1R4 appears to 
be required for FPS to initiate signaling and to induce 
inflammatory responses. FPS-CDI4 complexes cause activa- 
tion of the NI-'-kB transcription factor as well as activation of 
the FRK. JNK. and p3N mitogen-activated protein kinases, all 
of which mediate the production of inflammatory cytokines 
(34). Despite their structural differences, both FT A and PG 
also activate macrophages and poK morphonuclear leukoevtes 
in association with CD 14 and TFR4/TFR2 (35-38). Thus, 
substances that bind to bacterial components and ablate their 
ability to bind surface receptors would be good candidates as 
antiendotoxic agents. A fragment of the cationic protein 
bactericidal permeability increasing protein (rBPl-21) is cur- 
rently in clinical trials for this purpose (b). 

As described above, cationic peptides act on Gram-negative 
bacteria by initially binding to their surface poly an ionic FPS. 
followed by self-promoted uptake across the outer membrane. 
We have shown that some cationic peptides have a high affinitv 
for FPS (17. 3 U ). Coincidental^ . such peptides inhibit the 
production of cy tokines such as TNF-« and IF-b bv macrophages 
stimulated with FPS. We have been able to demonstrate such 
effects w ith peptides representing all structural classes, including 
such animal peptides as defensins, indolicidin. and protegrin 
(4(1). Furthermore, studies w ith the cationic proteins bactericidal 
permeability increasing protein. CAP37. and laetoferrin (41.42). 
have indicated that these molecules have an analogous abilitv to 
antagonize the ability of IT'S to stimulate cytokine production 
in macrophages. 

We went on to study the potential in vivo relevance ot these 
observations. The peptides CFMA and CFMF were able to 
prevent lethal endotoxemia in the galactosamine-sensiti/ed 
mouse model (3 ( J). With the former more active peptide, it was 
shown that the FPS-stimulated induction of the important 
sepsis-mediating cvtokine. INT -ft. could also be dramatically 
suppressed in the blood of galactosamine-sensiti/ed mice. 

It was aiso possible to assess binding of cationic antimicrobial 
peptides to the Gram-positive surface molecule F I A bv using a 
v arial ion of the dan^v I polvmvxin displacement a^av that is used 
to assess FPS binding (43 ). F F\. like FPS. has both a polv anionic 
and lipidic nature, and thus was able to interact with dans\) 
poly my x m and cationic pep titles, although the kinetics of binding 
indicated a lower affinity tor binding to F'l A compared with 
FPS. 1 mm these studies, it appeared that the action ot cationic 
peptides against Gram-positive bacteria did not appear to be 
related to their ability to bind FTA. as the relativ e abilitv of these 
peptides to bind F I A did not correspond to their minimum 
inhibitory concentration values. For example, the <r-hclical 
cecropin mehttm hybrid peptide CFMF was the most effective 
peptide .it killing V. attren\ and other Gram-posit j\ e bacteria, 
even though many of the peptides studied had a higher aftinitv 
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Fig. 2. Inhibition of LPS-LBP interaction and LPS-induced TNF-a production 
by structurally different cationic peptides. {A) Biotinylated LPS (45 ng/ml)was 
added to wells with immobilized LBP in the presence or absence of the 
indicated cationic peptides ( i 0 mi). The peptides were added to the weits 
at the same time as the LPS, and residual LPS binding was assessed by ELISA. 
(8) RAW 264.7 cells were incubated with E. co//055 B5 LPS (100 ng/ml) in the 
presence or absence of the indicated peptides (20 jig ml) for 6 h. TNF-t* 
released into the culture supernatant was measured by ELISA. Data are from 
ref. 39. 

were able to significantly inhibit this production of cytokines. 
The peptides were also effecti\e in human blood at reducing 
production of TNL-« in response to LTA. although the le\ els of 
inhibition were lower than those observed in in vitro studies with 
RAW macrophage cells. The effects of the peptides on soluble 
I.TA are significant, because bacteria release LTA during nor- 
mal growth, and LTA release is enhanced by /3-lactam antibiotics 
(31). Using a system in which macrophages are separated from 
bacteria by a membrane filter, we demonstrated that growing A. 
call Oil 1:134. aeruginosa LAO. and S. aureus could, in a 
dose-dependent manner, stimulate the production of TNF-a. 
and in the case of the Gram-negativ e bacteria only. IL-n, because 
of their shedding into the medium of molecules that were able 
to cross the filter and interact with macrophages (39. 43). These 
stimulatory molecules are probably shed LPS or LTA. respec- 
tively, as indicated by the ability of cationic peptides to block 
cytokine production in this situation. 

The mechanism of peptide blocking of the stimulation of 
macrophages by LPS was studied (40). Bemuse it is known that 
the action ot LPS enhanced by binding to a ^erum protein. 
I HP. one possible mechanism is clearly the ability of the peptides 
to bind with high affinity to I PS Indeed, in the case of LPS. the 
peptides caw bind LPS ( 1". 39 i and inhibit LPS-LBP interaction 
(I ig. 2). However, although coincuhation of peptides. LPS. and 
I .HP resulted in successful inhibition of LPS binding to I. HP. the 
antimicrobial peptides were less successful in dissociating 
LPS-LBP complexes. In other experiments, it had been observed 
that cationic antimicrobial peptides could block the ability of 
LPS to stimulate TNF-a production by serum-bathed macro- 
phages. e\en when added up to 1 hour after the I PS (39). This 
indicated that there might be another median ism by which the 
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of such cells, by the rather low membrane potential ( -15mV) 
across the plasma membrane of eukaryolic cells, and by the 
presence ot cholesterol in the plasma membranes ot such cells 
(compared to bacteria that hay e an abundance of anionic surface 
phospholipids such as phosphatidyl glycerol, a transmembrane 
potential of - 14(lm\. and no cholesterol). Other studies have 
demonstrated directly that peptide PR-39 rapidly enters human 
microvascular endothelial cells (12). Moreover, it is known 
that some tumor cell lines (but not the macrophage cell line 
described here) can be killed bv cationic peptides at high 
concentrations (44 ). 

To investigate whether cationic antimicrobial peptides might 
influence sepsis through a novel mechanism involving direct 
interaction w uh macrophage cells, we chose the peptide CLM A. 
a peptide that becomes a-helical on contact with membranes 
(45). Although it is derived from insect peptides, it is a paradigm 
tor this class of peptides and has both strong antimicrobial 
activity against G ram-negativ e bacteria and good antiendotoxic 
activity both with cultured macrophages and in mouse models 
(3S). dene array technology was used to examine the differential 
gene expression in RAW macrophages stimulated with I PS and 
the cationic peptide. CLM A [M.G.S.. C. M . Rosenberger. M R. 
Gold. B. B. I inlay A; R.L.W.1L (unpublished results)]. A con- 
siderable number of genes were found to be up-reguiated bv LPS. 
including several already published, confirming the potential 
value of the gene array technology. Tor example. LPS was 
observed to affect a large number of cell-cycle mediators such as 
cyciins. cyclin-dependent kinases, retinoblastoma proteins, and 
related transcription factors, confirming the antimitogenic ef- 
fects of LPS on macrophages (46). There were also several genes 
not found previously to be regulated by LPS. including brain 
factor 1 (up-regulated) DP-1. Ski. and dystroglycan (down- 
regulated). 




C 7 
£ 0- 



-J Cu o r- 



c oc r i*s 



ca V) n u 

^ a ? r « 5 * 

5 v 



f- 



< 



Fig. 3. Effect of CEMA on LPS induced gene expression in RAW 264 7 cells RAW 
264 7 cells were stimulated for 4 h wrth media alone, S. typhimurium LPS (100 
ng ml), or S typhimurium LPS (100 ng ml) and CEMA (50 pig ml). The RNA was 
isolated from the cells and used to make "P labeled cDNA probes, which were 
hybridized to the CLONTECH Atlas arrays, and after a 3 day exposure, they were 
analyzed with a Phosphonmager and CLONTECH atlas software The average 
percent inhibition of gene transcription by CEMA as measured by a change in fold 
intensity is shown in the graph The following selected genes are shown: iNOS, 
inducible nitric oxide synthase, MIP-2 n, macrophage inflammatory protein (che- 
mokine), MIP-1 macrophage inflammatory protein (chemokine), IL-15, inter- 
leukin 15; (cytokine), Stat3, acute phase response factor ICF, mterleukin 
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Many ot the genes that showed increased expression after I. PS 
treatment could he blocked by at least 3tKr by CLMA (e.g.. Lig. 
3). These included main known ml lammatory mediators such as 
II.- 10. II - 15. macrophage inf lammatory proteins, and inducible 
nitric oxide svnthase. Interestinglv . we sau a similar induction 
pattern with I.'I'A and t he bacterial DNA motif CpG. although 
some genes were differentially induced. The gene array data 
were confirmed in selective instances by assaying the stimulated 
macrophages tor protein production in the supernatants bv 
LITSA and by direct Northern blot analysis of transcripts. I or 
example, the protein levels of INI -a. IF-6. and MlP-la were 
great!) increased (0.3 ng ml to 6-12 ng ml) by LPS stimulation, 
and CLMA inhibited these responses by 7S. S6. and 45 r V. 
respect i\ els (46), 

In contrast. CLMA did not ha\e a pronounced effect on LPS- 
induced down-regulation of gene expression. Also. CLMA did not 
block the ability of LPS to induce the expression of some genes, 
including the genes for CD14, ICAM-1. LLA-la. HMO-box tran- 
scription factor. MAPkkl. c-/W proto-oncogene. and Mdm2. rep- 
resenting man\ different families of genev T his indicates that the 
peptides have a selective effect on gene induction by LPS. There- 
fore, we looked for a previous!) unsuspected effect of eationic 
peptides on macrophage gene expression. We observed that 
CLMA had a w ide range of effects on macrophage gene expression. 
L up-regulated a number of genes encoding transcription factors, 
kinases, and celi-cycle regulators (e.g.. Fig. 4). suggesting that 
cat ionic peptides not only dampen the antimitotic effect of LPS but 
also may directly affect celi-cycle regulation. Several cell-surface 
antigens and adhesion proteins were also up-regulated by CLMA. 
CLMA also affected several apoptosis-related genes, increasing the 
expression of PD-1 and decreasing the expression of BAG-1 and 
neuronal death protein. Thus. CLMA has pleiotropic effects on 
macrophages. 

It appears that eationic antimicrobial peptides can suppress 
LPS stimulation of cytokine production in macrophages bv 
interfering w it h LPS binding to serum LBP and probably other 




Fig. 4. Influence of CEMA on gene expression in RAW 264 7 cells Gene arrays 
werp used to compare transcription in unstimulated cells and cells stimulated 



molecules receptors and possibly also bv directly influencing 
the expression repertoire of macrophages. Because it is known 
that LPS may induce host-defense eationic antimicrobial pep- 
tides and do so at the same time that eationic antimicrobial 
peptides suppress the effects of LPS on macrophages leading 
to sepsis, we propose that these peptides are part of a feedback 
mechanism for regulating cytokine responses to bacterial 
products ( Fig. 1 ). 

There is substantial interest in identifying novel strategies to 
overcome not only sepsis but also the underlying infection. 
Presently, there are no effective compounds that have been 
proven to overcome the lethal nature of sepsis. Manv new 
strategies, including neutralizing antibodies, soluble cytokine 
receptors, and various endotoxin-binding factors, have been 
tested with mixed results. The above-described abilities of the 
eationic peptides warrant further studies of their potential as part 
of an antisepsis treatment. 

Peptide Lysozyme and Peptide Peptide Synergy 

As discussed above, the mechanism of action of peptides leads 
to disruption of the outer membrane barrier and perturbation of 
the cytoplasmic membrane. Possibly as a consequence of these 
actions, antimicrobial peptides can show svnergv with conven- 
tional antibiotics against both Gram-negative (17) and Gram- 
positive (20) bacteria. Our early studies w ith rabbit detensins led 
us to question whether peptides always acted on their own or 
rather in synergy with other host defense components (13). We 
observed that the ability ot rabbit detensins to permeabili/e the 
outer membrane of aeruginosa increased as the pi I was 
lowered (as would occur in the phagolysosome after ingestion of 
/'. aeruginosa bv neutrophils), even though the antibacterial 
activity of defensins is antagonized at this pIL Therefore, we 
considered the possibility that peptides actuallv worked in 
synergy with the protein lysozyme. a slightly basic enzyme that 
is excluded from its target, the peptidoglyean. by the outer 
membrane. Indeed, we could demonstrate that peptides pro- 
moted the ability of lysozvme to Kse Gram-negative bacteria, 
and that there was excellent synergy between lysozyme and a 
range of peptides against several bacteria. Because lysozyme is 
present in most parts of the bodv. it is possible that such svnergv 
is critical to the action of eationic antimicrobial peptides in their 
natural hosts. Indeed, in fish challenged with bacteria, both 
lyso/yme and eationic peptides appear to be rapidlv induced. 

A second type of synergy that has been observed is between 
peptides. This was first demonstrated with the frog peptides 
magainin and PGI a (47). and we have recently confirmed this 
with the mammalian peptides protegrin 1 and indolicidin (un- 
published results). Study of the kinetics of interaction of peptides 
shows that thev act cooperatively. Thus, we assume that two 
peptides reinforce ihis cooperative interaction resulting in pos- 
itiv e cooperativ itv . 

Potential as Therapeutics 

I here is no question that, with the increasing antibiotic resis- 
tance problem, there is j need to develop new classes ot 
antibiotics. Cationic antimicrobial peptides have main of the 
desirable features of a novel antibiotic class <(>). In particular, 
they have a broad spectrum of activity, kill bacterial rapidly, are 
unattected by classical antibiotic resistance mutations, do not 
easily select antibiotic resistant variants, show svnergv with 
classical antibiotics, neutralize endotoxin, and are active 1 in 
animal models. Despite this, many issues remain to be solved. 
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crohial peptides are verv toxic tor mammalian cells (e.g.. bee 
venom melittin). whereas others show little or no acute cvto- 
toxicity However, more subtle toxicities ha\e not been studied, 
although we assume, based on the presence ot natural peptides 
in in o at concentrations ot. e.g.. 44 ^g nil in the saliva ot an 
individual with peritonitis, that thev can be tolerated at high 
levels. Another issue would be their labilitv to proteases in the 
body In this regard, there are strategies for protecting the 
peptides from proteases, including liposomal incorporation or 
chemical modification. 

With this in mind, two verv promising clinical trials are 
underway The protegrin derivative IB-.V>7 ( Intrabiotics, Moun- 
tain View. OA) is being examined for its potential against oral 
mucosaitis. a polymicrobial ulcerative disease of cancer patients. 
The peptide MBI-226 (Micrologix Biotech. Vancouver) is being 
investigated for sterilizing catheter insertion sites, thus prevent- 
ing serious infections caused b> colonization of such catheters bv 
skin bacteria. Results from clinical trials to date have indicated 



efficacy and MBI-22f> has been given fast-track status bv the 
1 ederal Drug Administration. 

Thus canonic antimicrobial peptides are not onlv important 
components of the innate defenses of all animals against infec- 
tions, but svnthetic variants thereof hold great potential as a 
weapon against antibiotic-resistant bacteria. The great sequence 
and structural diversity offered bv peptides (i.e.. 20 possible 
amino acids in each position} will provide main possibilities for 
drug design. 
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A single animal can express several cationic antimicrobial peptides with different sequences and structures. 
We demonstrate that mammalian peptides from different structural classes frequently show synergy with each 
other and selectively show synergy with human lysozyme. 



Cationic antimicrobial peptides arc nature's antibiotics (5). 
1 hev are being inereasingK recognized as a component of the 
innate immune systems of all species of life, and more than .">()< ) 
natural peptides are known. A single animal, e.g.. a cow. can 
produce a.s maris as ilii'oe do/.ou tiuinuici obuil peptides (3. 
http: www.univ .trieste.it - tossi). These can include represen- 
tatives of all four known structural classes, which comprise 
3-sheet peptides stabilized by two to three disulfide bridges, 
amphipathic a-helical peptides, loop peptides, and extended 
peptides, in addition to peptides generated by proteolysis of 
larger proteins in the host. 

Cationic antimicrobial peptides as a class ha\e the ability to 
kill both gram-negati\e and gram-positive bacteria, fungi, eu- 
karyotic parasites, and even enveloped viruses. Indeed, a single 
peptide can have most or all of these activities (3. 5). In addi- 
tion, it has been demonstrated that such peptides can trigger 
the transcription of numerous genes in eukaryotic cells (3). and 
they appear to have multiple e fleets on the in 11 animators re- 
sponse (2. 4). Given this extraordinary diversity of activities, it 
is worth asking why so many peptides can be observed in a 
single host. Possihlc explanations include (i) the fact that in- 
dividual peptides are preferentially expressed under specific 
circumstances and or in specific sites in the body, (u) the fact 
that different peptides cover gaps in the activity spectrum of 
the other peptides expressed at a given location in the body, 
and (iii) the fact that different peptides act in synergy with one 
another to reduce the concentrations required to effectively kill 
microorganisms. Lacli of these explanations is credible. Induc- 
ihilitv or constitute it\ . as well as tissue tropism. has been 
demonstrated for different peptides in mans host organisms 
(reviewed in reference 3). Similarly, n is well established that 
insect immunity peptides lend to be preferentiallv antifungal 
or antibacterial in nature ( ( )). I he third concept, that of svn- 
ergy among individual peptides, was first observed with frog 
peptides, including members of the dermaseptin family ( 10) 
and the cu -helical peptides magainin and PGI.a (S. 13). and 
between [3-defensins and the cationic protein BPI ("'). Since 
then, there have been few reports demonstrating sxnergv be- 
tween individual peptides, and generally speaking these have 



not addressed synergy by using the well-established methods 
developed by clinical microbiologists, namely, checkerboard 
titration. 

In this paper, we examine the synergy of peptides represent- 
ing each of the structural classes found m mammals against 
four of the more serious pathogenic bacteria in our society. In 
addition, we perform a limited study to examine if such svnergy 
can also be observed between these peptides and the moder- 
ately cationic innate defense protein lysozyme. 

l our of the peptides were synthesized at the University of 
British Columbia's Nucleic Acid and Protein Sequencing Fa- 
cility using /r/7-butoxvcarbonv 1 ehemistrv and were purified bv 
reversed-phase high-pressure liquid chromatography. These 
were the (5-hairpin pig neutrophil peptide protegrin-1. the 
a-helical human peptide 1. 1.-37. the loop-structured bovine 
neutrophil peptide bacteneein. and the extended-structure bo- 
vine neutrophil peptide indolicidin. The disulfide bonds of 
protegrin and bacteneein were formed by oxidation and con- 
firmed by matrix-assisted laser desorption ionization mass 
spectrometry as previously described (10). The human £$-de- 
fensin peptide IINP-1 was a kind gift from Hob Lehrer and 
Tom Ganz at the University of California at Los Angeles. 
Human lyso/yme was purchased from Oalbiochem (La Jolla, 
Calif.). The bacterial strains used included Pscudomonas 
aeruginosa PAO 1 strain 11103. Escherichia colt strain HB101. a 
methieillin-resistant Staphylococcus aureus (MRSA) strain. 
SAPOOr. and Entermoccus facialis A I ( ( 2 { *2\2 (14). "I hey 
were cultured on Mueller-Hinton broth, solidified when nec- 
essary with Bacto .Agar (Sigma Chemical Co.. St. Louis. Mo). 
MIC assay s and checkerboard titrations were perlot med using 
ihe modified microtitcr dilution assav (1. I !. 14). 

I he peptides examined showed only modest activities (e.g.. 
relative to the best synthetic variants |12|) against the lour 
tested bacteria, with MICs ranging from 3.1 to b4 p.g ml ( Table 
1 ). IINP-1 and human lyso/yme were not active against the 
gram-negative bacterium P. aeruginosa but readilv killed the 
gram-positive bacterium h facialis. It should be noted, how- 
ever, that this represents a very stringent test of antibacterial 
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cJinicalU meaningful (i.e.. equivalent to activity in the human 
host) for cationic antibiotics such as the aminoglycosides. 

Synergy was measured by checkerboard titrations (1). in 
which one peptide is diluted along the rows of a microtiter tra\ 
and the other is diluted along the columns. In this method, one 
is looking for a reduction in the MIC of each compound in the 
presence of the other. The result is expressed as the fractional 
inhibitory concentration (TIC) index, which is assessed as fob 

i rir t \ i i » t i r i > i x # i ^ — . . i. . _ . h * i r- i mr 

K'W>. 1 IV, — iVi IV ,j " [Uj.iviiv. viuiii. ivnv ,j tinu iviiv ^ 

are the MICs of peptides A and B alone and [A] and \ are 
the MICs of A and H when in combination. An I TC index of 
0.5 is taken to indicate good synergy (representing the equiv- 
alent of a fourfold decrease in the MIC of each compound in 
combination}. An I IC index of 1.0 represents additive activity 
(a twofold decrease in the MIC of each compound in combi- 
nation), and an index of -4 indicates antagonism. Table 2 
describes the results obtained with these peptides. In general, 
we observed synergy (ITC * 0.5) for several combinations of 
peptides in /*. aeruginosa (three of six combinations). E. colt 
(four of six combinations), and E. facialis (two of six combi- 
nations) but not in any instance with MRSA. The best peptide 
in combination was protegrin. which showed svnergv with most 
peptides against most bacteria. We also examined the synergies 
of these peptides with the human neutrophil defensin HNP-1. 
although the limited availability of this peptide (which has 
three disulfide bonds and is very difficult to synthesize) reduced 
the scope of these experiments to two strains of bacteria and a 
single concentration of MNP- 1. No synergy was observed with 
25 u.g of HNP-1 ml and any peptide against aeruginosa. 
However, since we could not measure an MIC for this bacte- 
rium, we did not know what multiple of the MIC was repre- 
sented by 25 u-g ml and thus whether there was anv possibilitv 
ot seeing synergy. With t laecali\ ue again tailed to observe 
synergy, even though an MIC could be measured. Consistent 
with tills. I et al. tailed tn observe syneip between de- 



fensin s and a peptide. PI 5a (7). Nevertheless, our results over- 
all were consistent with the conclusion that peptide-peptide 
synergy does occur and is peptide specific. 

We also examined the synergy of peptides with human ly- 
so/yme against /*. aeruginosa and E. facialis (again, our exper- 
iments were somewhat constrained by the high cost of human 
lyso/yme}. Human lyso/yme by itself is poorly antimicrobial 
against wild-type aeruginosa strains under the conditions 
tested here, causing approximately vow killing in (>U nun (15) 
but not demonstrating a definite MIC. A single concentration 
of lyso/yme. 25 pee ml. consistently reduced the MICs of pro- 
tegrin and bactenecin by twofold but had no effect on the MICs 
of indolicidin. LL-37 ( Table 3). or HNP-I (data not shown). It 
is possible that better synergy would have been observed if 
higher lyso/yme concentrations were available, since we have 
observed synergy of many peptides with hen egg white ly- 
so/yme. which is relatively inexpensive and thus far more avail- 
able ( R. Hancock, unpublished data). In contrast. Ivso/vme 
showed higher natural activity and good synergy with two pep- 
tides against E. faecalis (Table 3). with protegrin leading the 
way. In checkerboard titrations. MICs of protegrin and Iv- 
so/yme were lowered from If) and b.3 u_g ml alone to 4 and 
0.39 p,g ml. respectively, in combination. 

Of the peptides studied in detail, only indolicidin and bacte- 
necin from cattle actually coexist in nature. A major reason 
that we chose the studied peptides was that information on the 
types of peptides in any given species remains quite fragmen- 
tary, with defensins as the major structural type identified in 
mammals (3. 5). Therefore, in this studv we chose peptides 
primarily to represent the individual structural classes, which 
differ maximally from one another. It is thus an assumption 
here that peptides ot given structural classes, regardless ot 
their mammalian origin, will act in similar w aw Consistent 
with tins, we have observed synergy similar to that observed 
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/.. {deaths Indolicidin 12S d.3 S 3.1 0.5^ 

Protcgnn lb n.3 4 ( l.3 t ' h.31 

FF-37 i:s 6.3 32 3.1 (>."5 

Hactenecin 32 6.3 S 1.6 n.5 

I*, aeruginosa Indolicidin 12S 5(1 12S 25" -1.0 

Protegrin 52 -50 16 25 M."5 

I -I .-37 12S -5D 12S 25 -l.d 

liactenecin 12S 50 64 25 ()"5 

' J Due to the tilth com ot ine. a single concentration ot Usu/> me (25 pgml) used tor these experiments. 



with 1. 1.-37 with an insect-deri\ed u-helical peptide ( K. Han- 
cock, unpublished observations). 

Together, these data are consistent uith the proposal thai 
antimicrobial peptides demonstrate synergy uith each other 
arid with !vso/vme in a peptide-specific manner !t N ii^nmt'il 
that this reflects the cooperative interactions ot the peptides 
uith the outer membranes of gram-negati\ e bacteria and. or 
cooperative interaction uith lipid biiayers in general (S. 15). 
We conclude, therefore, that given the substantial diversity of 
peptides in any gi\en location in the host, synergistic interac- 
tions are an important determinant of the overall effecti\ eness 
of the peptides. 

We acknowledge funding from the Canadian Bacterial Diseases 
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